Alcohol-related diseases and the associated problems of alcohol tolerance and dependence are thought by most authorities to have now reached epidemic proportions in Great Britain. Although the aetiologic agent, alcohol, is clearly identifiable, very little is known about the mechanism by which alcohol produces intoxication and cell damage, and equally little is known about the way in which the central nervous system responds to produce tolerance and ultimately dependence on the drug. In this review I will concentrate on recent animal experiments which begin to shed light on these mechanisms, particularly those which explain Intoxication, tolerance and dependence at the molecular level.
rises. This rise in intracellular Ca 2 + acts as the trigger for neurotransmitter release, which occurs probably by a process of exocytosis from vesicles across the presynaptic membrane.
Most experimental evidence suggests that the effect of ethanol on this process either in vivo (Erickson & Graham 1973 , Sinclair & Lo 1978 or in vitro (Carmichael & Israel 1975 , Kalant & Grose 1967 ) is inhibitory. The most likely ways in which ethanol could produce this inhibition are by reducing the influx of Ca2+ through the voltage-dependent channels (Harris & Hood 1980) or by affecting the action of Ca2+ once it has entered the terminal. This latter effect could be achieved by removing free Ca2+ from the cytosol by increasing its binding to membranes (Michaelis & Myers 1979) or by preventing Ca2+ from acting as a trigger for exocytotic release, as for example local anaesthetics are thought to do (Volpi et al. 1981 ).
If the major effect of ethanol is subsequent to Ca2+ entry into the synapse, then an inhibitory effect of ethanol on neurotransmitter release should be obtained no matter how the rise in cytosolic Ca2+ is produced. We have recently shown that when neurotransmitter dopamine release is induced by the Ca2+-ionophore A23187, ethanol does not inhibit this release (Lynch & Littleton 1983 ). Since the Ca2+-ionophore probably causes neurotransmitter release by partitioning into the nerve terminal membrane and allowing entry of Ca2+ from the extracellular compartment (Akerman & Nicholls 1981) , these results suggest strongly that ethanol inhibits physiological neurotransmitter release by reducing Ca2+ influx through voltage-dependent channels (Harris & Hood 1980) . The molecular mechanisms by which alcohols and anaesthetics act have recently been reviewed by Franks & Lieb (1982) . In relation to this postulated action of ethanol on the voltage-dependent Ca 2 + channel in the presynaptic membrane, there are two major possibilities. Ethanol could either restrict the opening of the channel by partitioning into the membrane lipid bilayer surrounding the channel, or it could bind to the protein of the channel to restrict Ca 2 + entry. It is currently impossible to distinguish between these two possibilities experimentally. Indeed, given the intimate nature of the interaction between an ion channel through a membrane and the membrane itself, it is questionable whether it is sensible to try to make the distinction. However, all the available evidence (reviewed by Franks & Lieb 1982) suggests that the site of action of alcohols and anaesthetics, be it protein or lipid, is within the membrane.
A measure of the physical interaction of alcohols and anaesthetics with membranes is the degree of disorder they induce in the normal packing of the lipid molecules of the membrane bilayer (Metcalfe et al. 1968; Paterson et al. 1972) . This change toward disorder is often referred to as an increase in 'fluidity' of the membrane. It has been observed in isolated mammalian synaptosomal membranes at clinically relevant concentrations of ethanol (Chin & Goldstein 1977a) . Similarly, a change toward membrane disorder can be obtained by raising the temperature of membranes slightly. This change may not be qualitatively identical to that produced by ethanol (Lenaz et al. 1979 , Chin & Goldstein 1981 , but the fact that changes in temperature of organisms which induce large increases in membrane fluidity do not produce anaesthesia is a convincing argument that it is not the fluidity change per se which is important (see Franks & Lieb 1982) . However, the increase in disorder which ethanol induces by its physical presence in membranes remains a good index of its interaction with the phase in which its major site of action resides. In discussing the development of tolerance to ethanol this will become an important point.
In summary, ethanol inhibits neurotransmitter function in mammalian brain partly by inhibiting Ca2+ -dependent neurotransmitter release. Available evidence suggests that the mechanism of inhibition is by reduction of Ca2+ entry into the nerve terminal through voltage-dependent channels. Ethanol probably affects these channels through a site of action within the presynaptic membrane. The physical interaction of ethanol with the membrane can be assessed by the increase in membrane lipid disorder induced by the drug.
Alcohol tolerance
There are several mechanisms by which animals and man may become tolerant to alcohol, including an increased rate of alcohol metabolism and 'learned' patterns of behaviour to disguise the intoxicating effects of the drug. Here I will concentrate on the development of central nervous system tolerance, in which brain function returns toward normal despite the continued presence in the brain of depressant concentrations of the drug. Such tolerance can occur rapidly and seems an important determinant of both intoxication and perhaps physical dependence (Littleton 1980) . There are in fact two fundamentally different ways in which tolerance can be manifest, and these are shown in Figure 2 . In Figure 2A the theoretical response is depressed less by the addition of ethanol to tissue from the tolerant animal (thus fulfilling the definition of tolerance) but the response is normal in the absence of ethanol. Thus tolerance is shown by a reduction in the slope of the ethanol dose-response curve. In an organism subjected to a range of ethanol concentrations, e.g. in intermittent drinking bouts, this would be an appropriate form of adaptation. In Figure 2B the situation is different. Tolerance is shown by the observation that the depression of response by ethanol is less in the tolerant tissue than in the controls, but the slope ofthe dose-response curve to ethanol is similar in both. Thus, on testing in the absence of ethanol, the response of the tissue from tolerant organisms is greater than that from control organisms. This adaptation is more appropriate for an organism exposed to a constant concentration ofethanol. For example, at the concentration of ethanol shown by the dotted line in Figure 2B , the organism is perfectly adapted (fully tolerant). At this ethanol concentration the response is identical to that ofcontrol animals tested in the absence of ethanol. These theoretical models of tolerance have important implications, as we shall see, both for the actual mechanism ofdevelopment oftolerance and for the relation between tolerance and physical dependence.
If, as was suggested earlier, the intoxicating effects of ethanol are associated with a reduction in Ca 2 +o-dependent neurotransmitter release by the drug, then the development of tolerance to ethanol should be associated with escape from this inhibition. In the models discussed above, this should be manifest either as a reduction in the concentration-inhibition Curve for ethanol on neurotransmitter release (2A), or as an increase in the neurotransmitter release when tested in the absence of ethanol (2B). The experimental results suggest that both an inhibitory effect of ethanol on some function of neuronal activity compared in brain tissue from control and animals made tolerant to ethanol. In A, tolerance is demonstrated by a reduction in the slope of the concentrationinhibition curve. Note that if ethanol concentrations fluctuate widely in the brain, less functional disturbance is produced in neuronal activity in this form of tolerance. In B the situation is different; tolerance is shown by the movement of the whole concentration-inhibition curve to the right, but there is no change in slope. Although at the concentration of ethanol represented by the dotted line neuronal activity is 'normal', there is a functional overshoot if the system is tested in the absence of ethanol. This system is less successful at maintaining functional activity within a narrow range in the face of fluctuating concentrations of drug than is system A. This could provide the basis for tolerance at the level of the whole animal and might also have relevance to dependence forms of adaptation are found. Thus, Clark et al. (1977) reported that the electrically-evoked release of acetylcholine from slices of rat cerebral cortex was inhibited less by incremental increases in ethanol concentration when slices from tolerant animals were compared with those from controls (2A).On the other hand, there was an increase in the fraction ofstored acetylcholine released from tolerant preparations tested in the absence ofethanol compared with that obtained from controls tested under the same conditions (28). It is now necessary to consider the mechanisms for this development of tolerance of the presynaptic nerve terminal to the presence of ethanol. Since the inhibition of neurotransmitter release which ethanol produces is thought to be due to inhibition of Ca 2 + entry through voltage-dependent channels in the presynaptic membrane, it is logical to look here for the mechanism of development of tolerance.
In order to reduce the slope of the ethanol concentration-inhibition curve, it would be necessary for the nerve terminal either to (1) exclude ethanol from the membrane site of action, or (2) alter either the lipids surrounding the channel or the channel itself so that these are less affected by the presence of ethanol.
It is possible to investigate the interaction of ethanol with membranes at the synapse by studying the physical effect, 'fluidization', of its partition into them. As stated previously, the fluidizing effect of ethanol on mouse synaptosomal membranes is seen at clinically relevant concentrations of the drug (Chin & Goldstein 1977a) . When synaptosomal membranes are taken from mice made tolerant to ethanol, the concentration-response curve for ethanol is more shallow (Chin & Goldstein 1977b) , although there is little difference in the 'intrinsic fluidity' of the membranes in the absence of ethanol. This property of a reduced response to the fluidizing effects of ethanol has been shown to reside in the lipids of the synaptic membranes (Johnson et al. 1979) and to require an interaction between phospholipids and cholesterol. Biochemical analysis of the lipids of synaptosomal membranes from ethanoltolerant animals reveals a small increase in the proportion of saturated fatty acyl chains of membrane phospholipids (Littleton & John 1977 , Littleton et al. 1979 ) and a small increase in membrane cholesterol content (Chin et al. 1978) . Both these changes would be predicted to produce an effect on the membrane opposite to that of ethanol, making the absence of any measurable reduction in intrinsic fluidity of these membranes difficult to explain.
The changes in lipid composition and physical responses to ethanol of these synaptosomal membranes could be related to tolerance either by the changes in composition excluding ethanol from the membrane and thus reducing its concentration at its site of action (and, coincidentally, itsfluidizing effect), or alternatively the loss of the fluidizing effect could be the basis for the mechanism of tolerance by removing the action of ethanol on the lipids surrounding the Ca2+ channel. As stated previously, hypotheses which seek to explain anaesthetic action by fluidization of membranes are not favoured by observations that large changes in fluidity caused by increased temperature are not associated with anaesthesia (see Franks & Lieb 1982) .
The possibility that the altered lipid composition of synaptosomal membranes from animals which have been made tolerant to ethanol reduces the partitioning of ethanol into these membranes has been examined by Rottenberg et al. (1981) . These authors found a significant reduction in the partition of ethanol and other lipid-soluble drugs into such membranes, making this a real possibility as the basis of tolerance. However, there is very large variation in their results and their partition data do not seem to compare quantitatively with those of others (Seeman 1972) .The whole subject of partitioning of drugs into biological membranes is one fraught with experimental and interpretational difficulties (Singer 1981) . Until these are resolved it is hard to decide exactly what these intriguing results mean.
. Alterations in the ability of the voltage-dependent Ca2+ channels to admit Ca2+ have been studied in synaptosomal membranes from ethanol-tolerant animals by Harris & Hood (1980) . The inhibition by ethanol of the depolarization-induced Ca 2+ channels is reduced in synaptosomes from tolerant animals compared to controls. The concentration-inhibition curve is shallower in the synaptosomes from tolerant animals, indicating the presence of tolerance of the type shown in Figure 2A .
In summary, it seems very likely that the reduced effect of incremental concentrations of ethanol on neurotransmitter release from brain preparations of ethanol-tolerant animals is a consequence of a reduced inhibitory effect on Ca2+ entry to the presynaptic terminal. This may be a consequence of the alterations in synaptosomal membrane lipids which have been described, either because ethanol is excluded from its membrane site of action, or because the lipids surrounding the Ca2+ channel are now resistant to the physical effects of ethanol.
The experimental observations on neurotransmitter release from brain slices from ethanol-tolerant rats also suggest that tolerance of the type shown in Figure 2B exists (Clark et al. 1977) . Thus, for a given electrical stimulus, a greater fraction of available acetylcholine was released from brain slices from ethanol-tolerant animals when these were tested in the absence of ethanol. In order for a change of this type to occur, the nerve terminal would have either to (I) increase the number or 'affinity for Ca2+, of the voltage-dependent Ca 2 + channels in the presynaptic membrane; or (2) increase the effectiveness of Ca2+ to induce neurotransmitter release once it has entered the nerve terminal.
There is no evidence to suggest that the first of the possibilities above is correct. Thus Harris & Hood (1980) demonstrated that synaptosomes from ethanol-tolerant animals did not accumulate more Ca2+ from the exterior than controls when depolarized with K ". If there had been a greater number of voltage-dependent Ca2+ channels in the synaptosomal membrane, one would have predicted an increased accumulation. In fact, Harris & Hood (1980) obtained a decrease in Ca2+ accumulation, a finding which might be explained by increased Ca2+ -dependent ATPase activity and consequently increased Ca2+ efflux in preparations from ethanol-tolerant rats.
There is also no evidence for any alteration in the 'affinity' for Ca2+ of the voltagedependent channel. Lynch & Littleton (1983) investigated the depolarization-induced release of neurotransmitter dopamine at two external concentrations of Ca 2 + (200 Jlmol/I and 2 mmol/l). There was no significant difference between the Ca2+ concentration: neurotransmitter-release relationship in preparations from ethanol-tolerant and control animals.
This leaves as the more likely explanation the possibility that the increased release of neurotransmitter from preparations of brains from ethanol-tolerant animals is a consequence of an increased ability of Ca 2 + to release neurotransmitter once it has entered the nerve terminal. There is now positive evidence for this supposition. Not only does electrical stimulation evoke a greater release of neurotransmitter from slices of brain from ethanol-tolerant animals (Clark et al. 1977) , so also does K + -depolarization and, more importantly, the Ca2+-ionophore A23187 (Lynch & Littleton 1983 ). Since A23l87 allows Ca2+ entry into the presynaptic terminal by a mechanism which bypasses the voltagedependent Ca2+ channels in the presynaptic membrane (Akerman & Nicholls 1981) , changes in these cannot be invoked to explain the increased release of neurotransmitter. The results obtained with A23187-induced release and K + -depolarization-induced release suggest that the effect of Ca2+ entry into nerve terminals from ethanol-tolerant animals is enhanced by some 3-4-fold. The mechanism of this enhancement is at present completely unknown, but it could reflect reduced efflux or binding of free Ca 2 + in the terminal. Both these alternatives are possible, but there is little evidence in support of such mechanisms in preparations from ethanol-tolerant animals (however see Ross 1980) . The alternative and more attractive hypothesis is that the sensitivity of the Ca2+ -dependent processes, which initiate neurotransmitter release from the presynaptic terminal, are enhanced during the development of ethanol tolerance.
In summary, the increased release of neurotransmitters from nerve terminals of ethanoltolerant animals, which is observed when these are tested in the absence of ethanol, is probably a consequence of some increase in sensitivity to Ca2+ entry of the transmitterrelease process. Thus, while ethanol is present in the brain in vivo, even the reduced Ca2+ entry which is produced by its action is capable of releasing relatively normal amounts of neurotransmitter. Both types of tolerance to ethanol are therefore explainable by alterations in the characteristics of the presynaptic terminal. Their mechanisms may, however, be different.
Relationship between tolerance and physical dependence
The development of central nervous system tolerance to a drug of dependence seems inevitably to precede the state of physical dependence. This state can be demonstrated to exist only by the observation of a physical syndrome on withdrawal of the drug. Most theories (e.g. Collier 1965 , Hill & Bangham 1975 propose that the withdrawal syndrome represents the exposure of central nervous system tolerance by removal of the drug. Thus, although central nervous system tolerance is an appropriate adaptation while the drug is present in the brain, it is inappropriate when the drug is removed. A disturbance of brain function in the direction opposite to that produced originally by the drug will then occur until the state of tolerance can be reversed.
It should be clear that these hypotheses make an assumption that tolerance to centrallyacting drugs is induced by some mechanism in which an opposing influence to that of the drug comes to bear on affected neurones. If this is so, then testing the function of neurones from tolerant animals in vitro in the absence of drug should reveal this opposing influence. This relates to the type of tolerance illustrated in Figure 2B . The type of tolerance illustrated in Figure 2A , in which the slope of the dose-response curve of the drug is shallower, but where there is no difference in response when tested in the absence of drug, seemsunlikely to be related to dependence. In this type of tolerance, no functional disturbance would be expected upon the removal of the drug.
This means that any hypothesis linking central nervous system tolerance directly to physical dependence must be modified. It is likely that it is only tolerance of the type associated with altered tissue function when this is tested in the absence of drug (i.e. that shown in Figure 2B ) which can lead to a withdrawal syndrome. Since this kind of tolerance is caused presumably by the institution of some mechanism which opposes the effect of the drug, let us call it 'oppositional tolerance'. The alternative, where a mechanism comes into play to decrease the effect of increments of the drug, we may call 'decremental tolerance'.
There is still one additional modification which needs to be made to the unitary hypothesis of drug tolerance and dependence. Even oppositional tolerance will not cause any functional change on withdrawal of a drug in vivo, unless it is maintained in the central nervous system into the period when drug concentrations in the brain are below an effective level. In other words, no withdrawal syndrome will result unless there is a discrepancy between the rate at which oppositional tolerance can be reversed, and the rate at which drug concentrations in the brain fall after withdrawal.
Applying these modified concepts to ethanol tolerance and withdrawal, we can now state that 'the development of physical dependence on ethanol may be caused by the development within the central nervous system of a state of oppositional tolerance to ethanol which cannot be reversed rapidly enough to prevent a functional disturbance on withdrawal of ethanol in vivo'. Of the types of ethanol tolerance which I have discussed in relation to synaptic function, only the mechanism suggested to be an increased Ca2+_ sensitivity of the presynaptic neurotransmitter-release mechanism fits the description of an oppositional tolerance. The reported reduction in synaptosomal membrane fluidization produced by ethanol is a decremental form of tolerance (i.e. there is no measurable difference in synaptic membrane fluidity from tolerant and control preparations tested in the absence of ethanol). As such, this form of tolerance is unlikely to be related to physical dependence. We have recently found that the increased Ca2+ -dependent neurotransmitter release found in preparations from ethanol-tolerant rats persists in brain slice preparations taken' from rats during the peak of an ethanol withdrawal syndrome (Lynch & Littleton, unpublished) . At this time blood ethanol concentrations are very low and this shows, therefore, that the final criterionof relative irreversibility -is demonstrated by this form of tolerance.
I suggest that the development of physical dependence on ethanol may be caused by the institution of a state in which the sensitivity to Ca2+ entry of release of neurotransmitter from presynaptic nerve terminals is increased. The inability of the brain to reverse this state sufficiently rapidly to prevent a functional disturbance on removal of ethanol in vivo may cause the physical withdrawal syndrome.
Discussion
A considerable part of this review has been taken up with theoretical considerations about the mechanisms by which tolerance to ethanol and other drugs might be induced in the central nervous system. I believe that these theoretical considerations are of major importance, not only to the experimental scientist trying to unravel the connections between tolerance, dependence and withdrawal using animal models, but also to the clinician involved in treating drug dependence or related disease. Some of the reasons for this assertion are given below.
, If we take first the suggestion, supported by experimental evidence, that there can be two types of tolerance -decremental in which no functional disturbance is produced by withdrawal, and oppositional in which a functional disturbance is produced by withdrawalit is clear that, to be least harmful, chronic drug use should be based on a regimen likely to produce decremental rather than oppositional tolerance. Reference to Figure 2A shows that this form of adaptation is very appropriate in a situation where drug concentrations vary widely with time. Thus, periodic intoxication with ethanol would produce least functional disturbance if tolerance were of this kind. Oppositional tolerance, shown in Figure 2B , on the other hand appears as a more appropriate adaptation to a maintained level of drug in the central nervous system. This makes the fairly obvious point that intermittent intoxication is less likely to produce physical dependence than an intoxication which is maintained. This can be shown experimentally (Goldstein 1974) . Thus mice exposed continuously to ethanol vapour show a more severe physical withdrawal syndrome than mice exposed intermittently for the same period, even when the total dose of ethanol is similar for the two groups. The importance of even short periods of abstinence in breaking the circle of physical dependence and consumption is emphasized.
This principle does not apply only to ethanol; the reason why central nervous system stimulant drugs do not produce a physical syndrome of withdrawal may be because pharmacokinetic factors militate against the maintenance of an effective concentration in brain over a prolonged period. Consequently there is no pressure to develop oppositional tolerance, and no functional disturbance on removal of the drug. Drug 'holidays', where possible, seem likely to be an important and desirable principle in the chronic administration of all drugs which affect the brain.
The mechanism by which tolerance to ethanol develops in the central nervous system has been suggested to be escape of presynaptic neurotransmitter release from inhibition by ethanol. There are no doubt other mechanisms, including alterations in postsynaptic receptor sensitivity. The cellular mechanism for ethanol tolerance, that of increased sensitivity of the presynaptic terminal to Ca 2 + entry, has several implications which are of clinical and experimental importance. Thus, in relation to treatment of the 'alcohol physicalwithdrawal syndrome, it should be possible to ameliorate this condition with agents which inhibit Ca2+ entry into the presynaptic terminal. Both clinically and experimentally (Kaim 1973 , Goldstein 1973 ) the alcohol physical-withdrawal syndrome seems best ameliorated with benzodiazepines. These compounds inhibit Ca2+ entry into the presynaptic nerve terminal (Leslie et al. 1980 ) and this could therefore be the basis for their action. They have the advantage that the central nervous system appears to adapt to these drugs (at least in the short term) by a form of decremental tolerance in which the Ca2+ channel becomes less affected by the benzodiazepines, but is functionally normal in their absence (Leslie et al. 1980) . Thus, by substituting a benzodiazepine for alcohol for a short period, it is theoretically possible both to prevent the alcohol physical-withdrawal syndrome and to replace an oppositional form of tolerance (to alcohol) with a decremental form of tolerance (to benzodiazepine). Because tolerance to the benzodiazepine is decremental, no withdrawal syndrome should accompany its removal. Whether this will prove to be possible in practice, and whether it will be shown to have relevance to other drug-dependence states, remain to be seen.
The mechanisms by which neurones become tolerant to alcohol may well be utilized also for the development of tolerance to other drugs. Thus it has been shown recently that the change in synaptic membrane lipid composition which accompanies alcohol tolerance is also shown by neurones exposed to morphine and to reduced input by denervation (Heron et al. 1982) . The changes in the basic properties of neuronal membranes and neuronal excitability described in this review may play important adaptive roles in response to many different stimuli which reduce neuronal input.
Finally, it is worth while to speculate on what other harmful effects might result, other than the possibility of a withdrawal syndrome, from these mechanisms of development of ethanol tolerance. The changes in lipid composition of neuronal membranes which ethanol produces on chronic administration are found in a wide variety of cells also (Littleton et al. 1979) . It seems likely that these changes do not only reduce the effect of ethanol, and that they may induce other functional changes, e.g. in transmembrane transport, in membrane receptor function, which may not be beneficial to the cell. Similarly, the suggested increase in Ca2+ sensitivity of nerve terminals, should it occur in other cells, might be the cellular basis for the chronic toxicity of ethanol in some situations (Shier & Du Bourdieu 1982) .
In conclusion, a consideration of the intoxication produced by ethanol and the development of tolerance to, and physical dependence on, the drug suggests that all these phenomena can be explained by alterations occurring at the level of the synaptic membrane. Experimental evidence and theoretical analysis of the relation between ethanol tolerance and physical dependence suggests approaches both to limitation of dependence liability and to treatment of the ethanol physical-withdrawal syndrome. Basic medical research into alcoholism has now reached a stage where it is capable of providing a rational framework for clinical research and treatment. It will become increasingly necessary for clinicians working in the field of drug' dependence and related disease to become aware of the principles discussed in this review.
